Abstract-The goal of the present study was to determine the physiologically relevant mechanisms for forskolin-induced relaxation of intact rat tail artery. We stimulated deendothelialized rat tail artery with phenylephrine and then relaxed the tissue with the addition of forskolin, a specific activator of adenylyl cyclase. We measured membrane potential with the use of microelectrodes, estimated intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) with the use of fura 2, and measured isometric force with a strain-gauge transducer. We found that 0.3 to 1.0 mol/L forskolin relaxed 0.3 to 1.0 mol/L phenylephrine-stimulated rat tail artery by decreasing the [Ca 2ϩ ] i sensitivity of force as well as through repolarization. There was no evidence for forskolin-induced inhibition of Ca 2ϩ influx beyond that associated with repolarization. There also was no evidence for forskolin-induced enhancement of Ca 2ϩ efflux or sequestration. Inhibition of ATP-activated K , and voltage-activated K ϩ channels with 0.5 mmol/L 4-aminopyridine did not significantly attenuate forskolin-induced reductions in [Ca 2ϩ ] i or force. Forskolin-induced repolarization was not altered by 10 mol/L glibenclamide or 0.5 mmol/L 4-aminopyridine. These data suggest that these K ϩ channels were not individually involved in forskolininduced relaxation and that other channels and/or multiple channels are involved in forskolin-induced repolarization of intact rat tail artery. Our data also suggest that forskolin-induced relaxation of intact rat tail artery occurred primarily through repolarization and reductions in the [Ca 2ϩ ] i sensitivity of force. (Hypertension. 1998;31:872-877.)
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Key Words: calcium ion concentration Ⅲ repolarization Ⅲ forskolin Ⅲ membrane potential Ⅲ potassium channels T here are five mechanisms responsible for agonist-induced arterial smooth muscle contraction (for a review, see Reference 1): (1) depolarization, (2) release of Ca 2ϩ from the sarcoplasmic reticulum, (3) direct activation of L-type Ca 2ϩ channels to increase Ca 2ϩ influx beyond that expected for the level of depolarization, (4) 18, 19 Finally, (6) cAMP may enhance Ca 2ϩ efflux or sequestration. This is the only mechanism that is not the reverse of a mechanism responsible for contraction. There are few data on cAMP, but there are several proposed mechanisms for cGMP-dependent increases in Ca 2ϩ extrusion and sequestration, such as cGMP-dependent protein kinase can phosphorylate phospholamban, a process that activates the sarcoplasmic reticulum Ca 2ϩ -ATPase by removing the inhibition caused by unphosphorylated phospholamban. 4, 20, 21 Second, cGMP-dependent protein kinase also may activate a plasma membrane Ca 2ϩ -ATPase. 22, 23 Third, 8-bromo-cGMP increased Na ϩ /Ca 2ϩ exchange in isolated rat aortic smooth muscle cells. 24 The first goal of this study was to determine which of these mechanisms were physiologically relevant during cAMP-dependent rat tail artery relaxation. The second goal was to characterize pharmacologically which membrane ion channels were involved in cAMP-induced repolarization. Unlike prior studies, we performed these experiments in sections of intact arteries rather than isolated smooth muscle cells. This approach allowed determination of changes in E m and isometric force in one set of intact tissues and of [Ca 2ϩ ] i and isometric force in a second set of intact tissues. We stimulated deendothelialized rat tail artery with 0.3 to 1.0 mol/L phenylephrine and then relaxed the tissue by the addition of low concentrations of forskolin (0.3 to 1.0 mol/L), a specific activator of adenylyl cyclase.
Methods

Tissues
Rat tail arteries were obtained from 180-to 250-g male SpragueDawley rats that were humanely killed with 0.15 mg/g pentobarbital according to a protocol approved by the Animal Use Committee of the University of Virginia. The adventitia was dissected, and the arterial tissue was immobilized on a dual-wire myograph ( The experimental design consisted of (1) the addition of the K ϩ channel blockers (if included) for 5 minutes, (2) stimulation with various concentrations of phenylephrine for 5 minutes, and (3) the addition of increasing concentrations of forskolin at 5-minute intervals. The only exception to this was the iberiotoxin experiments, in which the high cost of iberiotoxin required that iberiotoxin be added in only the forskolin-containing solutions.
Measurement of E m
E m was measured in one set of tissues. High-impedance microelectrodes (50 to 80 M⍀ filled with 2 mol/L KCl) were pulled with a Flaming Brown P87 puller (Sutter). Cells were impaled with microelectrodes held in a Leitz micromanipulator, and E m was measured with a Dagan model 8700 electrometer. Criteria for acceptance of recordings were (1) an abrupt decrease in voltage on impalement, (2) stable baseline for 3 minutes, and (3) unchanged electrode resistance and potential after removal of the microelectrode from the tissue. Isometric force was measured with a strain-gauge transducer (Kulite BG-10; University of Vermont [Burlington]), and solutions were perfused through the 6-mL chamber at 6 to 10 mL/min with a roller pump (perfusion was necessary to prevent artifacts from changing solution level). Measurements were made in tissues from four to six arteries and presented as meanϮ1 SEM. The perfusion setup required large solution volumes (120 mL) to maintain constant solution depth; therefore, measurement of E m was not performed when reagents were expensive (ie, iberiotoxin). In these cases, only experiments with fura 2 were performed. 27 For these reasons, we primarily present data as background-subtracted 340 nm/380 nm ratios normalized to the response observed 5 minutes after stimulation with 90 mmol/L [K ϩ ] o . The force reported in the figures was that measured in the experiments with fura 2. The force measured in the E m experiments was similar to that observed in the experiments with fura 2.
Measurement of Myoplasmic [Ca
Statistical Analysis
Measurements were compared with the use of Student's t test if there were two groups or with an ANOVA and the Student-NewmanKeuls test if there were more than two groups. Regression analysis was performed with the least-squares method, and slopes were compared by calculating residual variances and a t test. 28 When possible (see Fig  2A and 2B) , regression was performed on measured values from individual experiments. However, this was not possible in the unpaired comparison of E m and fura 2-estimated [Ca 2ϩ ] i (see Fig 2C) . A value of PϽ.05 was considered significant.
Results
Stimulation with phenylephrine induced a dose-dependent depolarization, increase in fura 2-estimated [Ca 2ϩ ] i , and contraction (Fig 1) . The addition of 0.3 and 1.0 mol/L forskolin to 0.3 and 1.0 mol/L phenylephrine-stimulated tissue induced repolarization, reductions in fura 2-estimated [Ca 2ϩ ] i , and reduction in force. These data show that forskolin induced repolarization and suggest that the repolarization may be at least partially responsible for relaxation.
Further evaluation of the data in Fig 1 revealed that repolarization was not responsible for the entire relaxation. First, we compared the combination of 1 mol/L phenylephrine and 0.3 mol/L forskolin with 0.3 mol/L phenyleph-
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rine alone (Fig 1, dashed line 1 (Fig 3) . ] i sensitivity of force. We next evaluated the role of K ϩ channels in forskolininduced relaxation. We inhibited K ATP channels with 10 mol/L glibenclamide, K Ca channels with 50 nmol/L iberiotoxin, both K ATP and K Ca channels with 10 mol/L glibenclamide and 50 nmol/L iberiotoxin, K Ca channels with 3 or 10 mmol/L TEA ϩ , K IR channels with 20 mol/L Ba 2ϩ , and K V channels with 0.5 mmol/L 4-aminopyridine. Preliminary studies found that 10 mol/L glibenclamide, a specific inhibitor of K ATP channels, completely inhibited 10 mol/L pinacidil-induced relaxation of rat tail artery precontracted with 1 mol/L phenylephrine (data not shown). There is no good agonist for K Ca channels; therefore, we used a standard dose (50 nmol/L 29 ) of iberiotoxin. TEA ϩ is a less-specific K ϩ channel antagonist, acting at low concentrations on K Ca channels (EC 50 Ϸ0.2 mol/L) and at higher concentrations on K ATP channels (EC 50 Ϸ7 mmol/L) and K V channels (EC 50 Ͼ5 mmol/L) channels. 29 The K IR channel is inhibited by Ba 2ϩ with an IC 50 value of 2 mol/L. 29 The K V channel is inhibited by 4-aminopyridine with an IC 50 value of 0.3 to 1 mmol/L. 29 We incubated rat tail artery tissue with the above K ϩ channel blockers, stimulated the tissue with 0.3 mol/L phenylephrine, and then evaluated the response to 0.3 mol/L forskolin. None of tested K ϩ channel blockers significantly attenuated the forskolin-induced reduction in fura 2-estimated [Ca 2ϩ ] i or force (Fig 4) . E m was measured with only some of the K ϩ inhibitors. In the presence of TEA ϩ , 0.3 mol/L forskolin induced APs and transient contractions in five of seven preparations. The reported mean E m value is from the two preparations that did not exhibit APs (Fig 4, AP) . The forskolin-induced repolarization was not significantly altered by 10 mol/L glibenclamide or 0.5 mmol/L 4-aminopyridine. Similar results were observed with 1.0 mol/L forskolininduced relaxation of 0.3 mol/L phenylephrine-stimulated rat tail artery (data not shown). This higher forskolin concentration abolished TEA ϩ -induced APs, and the mean repolarization did not differ from that observed with 1.0 mol/L forskolin without TEA ϩ . These data suggest that these K ϩ channels were not individually responsible for forskolin-induced relaxation of phenylephrine-induced contraction in the deendothelialized rat tail artery.
Discussion
The first goal of the present study was to determine the physiologically relevant mechanism or mechanisms responsible for forskolin-induced rat tail artery relaxation. Our approach was to measure E m , fura 2-estimated [Ca 2ϩ ] i , and force in intact phenylephrine-stimulated deendothelialized rat tail artery. This approach allows delineation of some but not all of the known mechanisms. Specifically, we can determine whether relaxation is caused by repolarization (mechanism 1, as given), by decreases in the [Ca 2ϩ ] i sensitivity of force (mechanism 5), or by an alteration in the relation between E m and fura 2-estimated [Ca 2ϩ ] i that would indicate mechanism 3 (direct inactivation of Ca 2ϩ channels), mechanism 4 (inactivation of nonselective cation channels), or mechanism 6 (enhancement of Ca 2ϩ efflux or sequestration) was involved in the relaxation. In this study, we did not investigate the role of Ca 2ϩ release inhibition (mechanism 2).
We found that forskolin-induced both a repolarization ( Figs  1 and 2A) and a decrease in the [Ca 2ϩ ] i sensitivity of force ( Fig  2B) . Both were observed in maximally as well as submaximally phenylephrine-stimulated tissues (Fig 1) . Approximately half of the overall relaxation of 0.3 mol/L phenylephrine-stimulated rat tail artery was associated with repolarization (Fig 3) . When the forskolin-induced repolarization was reversed by the addition of 35 mmol/L [K ϩ ] o , force increased to 49% of the value observed with phenylephrine alone. The other half of the overall relaxation was associated with a decrease in the [Ca 2ϩ ] i sensitivity of force.
Forskolin was associated with the similar or slightly higher [Ca 2ϩ ] i for a certain E m compared with that observed with phenylephrine alone (Fig 2C) . This suggests that there may be a mechanism keeping [Ca 2ϩ ] i higher than that expected given the measured E m . It is possible that (1) forskolin is activating L channels and enhancing Ca 2ϩ influx, 16 (2) forskolin is inhibiting Ca 2ϩ efflux, or 3) forskolin-induced repolarization is uncovering phenylephrine-dependent activation of L channels (contractile mechanism 3 30, 31 ). However, statistical analysis of our data did not clearly demonstrate this effect. More importantly, our data suggest that forskolin did not relax phenylephrinestimulated rat tail artery by relaxing mechanism 3 (voltageindependent inactivation of L channels), relaxing mechanism 4 (inactivation of nonselective cation channels), or mechanism 6 (enhanced Ca 2ϩ efflux or sequestration). These three mechanisms would reduce [Ca 2ϩ ] i below that expected given the relative depolarization; this was not observed (Fig 2C) .
In the histamine-stimulated swine carotid artery, we found that forskolin reduced Mn 2ϩ influx (a surrogate for Ca 2ϩ influx), fura 2-estimated [Ca 2ϩ ] i , and force. 11 We suggested that the reduction in Mn 2ϩ influx resulted from repolarization or voltage-independent inactivation of Ca 2ϩ channels. The results of the present study suggest that the former is more important in the rat tail artery. It appears that forskolininduced repolarization and the resulting decrease in Ca 2ϩ influx occur in both the swine carotid and rat tail artery (although we cannot measure E m in the former for technical reasons). It should be noted that high concentrations of forskolin (50 mol/L) have been reported to alter Na ϩ and K ϩ currents independent of cAMP concentration. 32, 33 Our experiments were performed with low forskolin concentrations (Յ1 mol/ L), at which forskolin is a specific activator of adenylyl cyclase rather than a channel blocker.
The second goal of this study was to determine whether regulation of K ϩ channels was physiologically relevant in forskolin-induced repolarization. The results of several studies suggested that increases in cAMP concentration activate K Ca channels in bilayer 12 and whole-cell studies. 13 Calcitonin generelated peptide, a stimulus that increases cAMP concentration, also activates K ATP channels. 34 The activation of these or other K ϩ channels could induce repolarization, thereby decreasing Ca 2ϩ influx and [Ca 2ϩ ] i . We found that inhibition of K ATP channels with glibenclamide, K Ca channels with TEA ϩ , and K V channels with 4-aminopyridine did not alter forskolin-induced repolarization, reduction in fura 2-estimated [Ca 2ϩ ] i , or the relaxation (Fig 4) . In addition, the blockage of K Ca channels with iberiotoxin and K IR channels with Ba 2ϩ did not alter forskolin-induced reductions in fura 2-estimated [Ca 2ϩ ] i or relaxation. These data suggest that other mechanisms, perhaps inactivation of Na ϩ channel(s), activation of other K ϩ channel(s), and/or inactivation of multiple channels, are responsible for forskolin-induced repolarization in intact rat tail artery. It is possible that blockage of one K ϩ channel may not significantly alter repolarization if the other channel or channels compensate for the block. These data do not rule out a role for individual K ϩ channels in forskolin-induced repolarization of other arteries.
In conclusion, we demonstrated that repolarization and decreases in the [Ca 2ϩ ] i sensitivity of force appear to equally participate in forskolin-induced relaxation of phenylephrinestimulated rat tail artery. The activation of glibenclamide-, iberiotoxin-, TEA ϩ -, Ba 2ϩ -, or 4-aminopyridine-sensitive K ϩ channels did not appear to be individually responsible for forskolin-induced repolarization. Potentially, other channels or multiple channels are involved in forskolin-induced repolarization in deendothelialized rat tail artery.
